Aims/hypothesis Hyperaminoacidaemia attenuates glucose disposal during hyperinsulinaemic clamps in healthy lean individuals, an effect thought to be mediated by negative feedback on insulin signalling, downstream of the mammalian target of rapamycin (mTOR) signalling pathway. This has been interpreted as amino acids causing insulin resistance in healthy people, and contributing to it in type 2 diabetes. However, the effect of hyperaminoacidaemia on glucose disposal in type 2 diabetic individuals remains to be determined. Methods Eight obese men with type 2 diabetes underwent a two-step hyperinsulinaemic-hyperglycaemic (8 mmol/l) clamp, first with amino acids at postabsorptive concentrations, followed by postprandial concentrations. Wholebody glucose turnover was assessed using D-[3-3 H]glucose. Vastus lateralis biopsies were obtained at baseline and during each step of the clamp to determine the phosphorylation states of AKT, mTOR, ribosomal protein (rp) S6, and insulin receptor substrate (IRS)-1. 
Introduction
Optimal protein intake in type 2 diabetes is not clearly defined. Evidence cited to recommend decreasing intake includes observational studies reporting that high protein consumption is associated with impaired glucose metabolism [1] , risk of increasing insulin resistance and also precipitating type 2 diabetes [2] [3] [4] . Furthermore, amino acids blunt glucose uptake in vitro [5] [6] [7] and in healthy humans at the whole-body [8] [9] [10] [11] [12] and tissue levels [8, 13] . In healthy men, during hyperinsulinaemic-euglycaemic clamps, whole-body glucose uptake was lower when amino acids were infused to maintain basal [8, 14] or twice-basal plasma amino acid concentration [9, 10, 12, 14] . We have reported lower glucose metabolic clearance rate (MCR) in healthy men during hyperinsulinaemic clamps when glucose and amino acids were raised to postprandial concentrations compared with hyperinsulinaemic-euglycaemic clamps with amino acids maintained at fasting concentrations [11] .
Findings from clamp studies in healthy participants were extrapolated to insulin-resistant states to postulate that increased protein intake in type 2 diabetes could contribute to peripheral insulin resistance of glucose metabolism [12] . Fasting branched-chain amino acids (BCAA) may be elevated in type 2 diabetes [15, 16] and were suggested to induce insulin resistance in a similar manner [12] . By contrast, short-term intervention studies have reported improved glycaemic control in type 2 diabetes with higher protein diets [17] [18] [19] [20] . This was mainly attributed to proteininduced insulin secretion, which, unlike for glucose, appears to be preserved [21, 22] or even potentiated [23] in people with type 2 diabetes. It is still not clear whether hyperaminoacidaemia alters glucose disposal in that population, independently from its effect on insulin secretion.
Molecular mechanisms implicated in amino acidinduced insulin resistance of glucose disposal in skeletal muscle include activation of ribosomal protein (rp) S6 kinase 1 (S6K1) [24] , a downstream effector of the mammalian target of the rapamycin complex 1 (mTORC1) signalling pathway [10] , which phosphorylates the insulin receptor substrate (IRS)-1 at specific serine residues [9, 24] . This, in turn, inhibits IRS-1 function by reducing IRS-1-associated phosphatidylinositol 3-kinase activity [6, 25] and deactivates downstream components of the insulin signalling cascade. This ultimately results in diminished translocation of GLUT-4 to the cell membrane and attenuated glucose uptake. Some of the multiple IRS-1 serine residues identified in humans, whose inhibitory phosphorylation is associated with mTOR/S6K1 activation, are Ser312, Ser636/639, and Ser1101.
The current protocol was designed to study hyperglycaemic men with type 2 diabetes during hyperinsulinaemic clamps and compare glucose turnover rates with amino acids clamped first at postabsorptive (isoaminoacidaemic, isoAA) concentration with those with amino acids raised to postprandial (hyperaminoacidaemic, hyperAA) concentration. Muscle biopsies were obtained at baseline and at each step of the clamp for quantification of relevant intracellular signalling molecules.
Methods
Eight white obese men with type 2 diabetes, aged <65 years and conventionally treated, were studied. They were screened with fasting blood and urine samples, electrocardiogram, chest X-ray and a complete physical examination. Participants signed the study consent form approved by the institutional Human Ethics Review Board. Exclusion criteria included smoking, unstable weight for the previous 6 months, insulin therapy, abnormal dietary habits assessed by a 24 h recall, and any significant hepatic, haematological, renal, pulmonary, thyroid or cardiovascular dysfunction.
Participants Three hours after the start of insulin, BCAA levels were increased to, and maintained at~750 μmol/l to match peak postprandial concentrations reached during a meal test (2,981 kJ, 30 g protein) done in lean, healthy participants (data not shown). The intravenous insulin infusion was decreased by 17% to adjust for the stimulation of endogenous insulin secretion from increasing amino acid concentrations [21] . The hyperAA clamp lasted for an additional 3 h, after which all infusions were stopped. Steady states of glucose and amino acid concentrations and infusion rates were achieved within 120 min and maintained until 180 min at each step of the clamps. Glucose turnover was calculated during the last 30 min ('plateau') of each step. Indirect calorimetry was performed for 20 min at baseline and during both plateaus. Blood samples for substrates, hormones and glucose turnover measurements were collected at baseline every hour until 50 min before the end of each step and at 10 min intervals thereafter. At baseline and 2 h after the start of each step,~100 mg vastus lateralis muscle biopsies were obtained with a Bergström needle under anaesthesia (2% Xylocaine; Astra-Zeneca Canada, Mississauga, ON, Canada) using sterile techniques and immediately frozen in liquid nitrogen.
Assays Plasma glucose concentration was measured by glucose oxidase (GM7 Micro-Stat; Analox Instruments USA, Lunenberg, MA, USA), and BCAA by an enzymatic, fluorometric assay (FP-6200; Jasco Corporation, Tokyo, Japan) [27] . Serum insulin, C-peptide and glucagon were determined by RIA (Millipore, Billerica, MA, USA) [28] . Glucose turnover was calculated with OOPSEG [29] . Nonesterified fatty acids (NEFA) were measured by a colorimetric assay (NEFA C; Wako Chemicals USA, Richmond, VA, USA) and reverse-phase HPLC was used to determine individual plasma amino acid concentrations after precolumn derivatisation with o-phtalaldehyde [30] .
Analysis of phosphorylation state of signalling proteins
Muscle samples (25 mg wet weight) were homogenised on ice for 30 s in 10 volumes of homogenisation buffer (final concentration: 20 mmol/l HEPES, pH 7.4, 2 mmol/l EGTA, 50 mmol/l NaF, 100 mmol/l KCl, 0.2 mmol/l EDTA, 10 mmol/l Na 4 PO 7 , 50 mmol/l β-glycerophosphate) supplemented with 0.5 mmol/l Na 3 VO 4 , 1 μmol/l microcystin LR, 1 mmol/l dithiothreitol, 1 mmol/l phenylmethylsulfonyl fluoride and 10 μg/ml each of aprotinin, leupeptin and pepstatin using a hand-held homogeniser (Tissuemiser; Fisher Scientific, Mississauga, ON, Canada). The homogenate was cleared by centrifugation at 15,000 g, at 4°C, for 15 min. A portion of the homogenate was used to measure protein concentration by the Bradford method (Bio-Rad Laboratories, Hercules, CA, USA) using BSA as standard [31] . A portion of the remaining supernatant fraction was mixed with an equal volume of 2× Laemli sample buffer and then boiled for 5 min. Samples (25 μg of protein/lane) were resolved by SDS-PAGE and then transferred onto polyvinylidine fluoride membranes (GE Healthcare). The membranes were blocked in 5% non-fat dried milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) at room temperature for 1 h and then incubated with phospho-specific primary antibodies against AKT (Thr308), AKT (Ser473), IRS-1 (Ser1101) and (Ser636/639), mTOR (Ser2448) and rpS6 (Ser235/ 236) at 4°C overnight. Membranes were washed three times for 5 min in TBS-T and subsequently incubated with secondary antibody in TBS-T containing 5% non-fat dried milk at room temperature for 1 h. Immunoblots were developed by enhanced chemiluminescence using ChemiDOC XRS Multi-Imager system (Bio-Rad Laboratories). After detection of the phospho-specific signal, the antibodies were stripped off the membrane by incubation in 62.5 mmol/l Tris-HCl, 100 mmol/l β-mercaptoethanol, and 2% SDS at 50°C for 30 min. The membranes were then washed, blocked and reprobed with primary antibodies against total AKT, IRS-1, mTOR and rpS6. All antibodies were from Cell Signaling Technology (Danvers, MA, USA). Results are expressed as ratios of phosphorylated to total protein. [32] and SD [12] , eight individuals were sufficient to detect a 25% difference in glucose disposal between isoAA and hyperAA (twotailed α=0.05, β=0.95).
Results
Of the eight men, one was overweight and the rest were obese (Table 1) . Adiposity markers (BMI, per cent body fat and waist circumference) were above reference values [26] , and according to the HOMA index, all were insulin resistant [33] . Plasma glucose and BCAA concentrations and infusion rates during the clamp are presented in Fig. 1 . Participants were hyperglycaemic at baseline (time 0) and plasma glucose was maintained at 8 mmol/l for the duration of the clamp. Fasting BCAA by HPLC (454±23 μmol/l) were clamped during isoAA then raised and maintained at postprandial concentrations (780 ± 24 μmol/l) during hyperAA. NEFA and hormone concentrations are presented in Fig. 2 . During isoAA, insulin increased from 187±40 pmol/l to a typical postmeal concentration (630±68 pmol/l) that was maintained during hyperAA (659±71 pmol/l) by design, despite a 12% increase in C-peptide (p=0.049). Plasma glucagon concentration decreased from baseline during isoAA (p=0.008) and then increased by 45% during hyperAA. NEFA were suppressed to the same extent in both steps of the clamp. Baseline and clamp plasma amino acid concentrations are shown in Table 2 . Most amino acids, as well as the total, were maintained at their baseline concentrations during isoAA. There was a slight but significant increase in leucine and arginine concentrations by 22% and 14%, respectively, and an 18% decrease in tyrosine concentration. During hyperAA, concentrations of all amino acids except tyrosine and asparagine were higher such that total amino acids were increased by 34%.
Rates of endogenous glucose production (endogenous rate of appearance [R a ]), glucose infusion and the total, oxidative and non-oxidative glucose disposal (rate of disappearance [R d ]) during hyperAA did not differ from those of isoAA (Table 3 ).
In the muscle biopsies ( Fig. 3a-e) , during isoAA, there was a significant increase from baseline in the phosphorylation of AKT at Ser473 (p=0.002) and Thr308 (p=0.001), mTOR (p=0.002) and rpS6 (p=0.035). During hyperAA, AKT phosphorylation at Thr308 and Ser473 decreased but remained 87% (p=0.09) and 74% (p=0.029) higher than baseline, respectively. Hyperaminoacidaemia was associated with an additional 57% increment in mTOR phosphorylation compared with isoAA. rpS6 phosphorylation remained significantly higher than baseline during hyperAA (p=0.004). Importantly, IRS-1 phosphorylation at Ser636/639 and Ser1101 did not differ across the three time points (Fig. 3d,e) .
Discussion
The present study shows that, unlike that previously shown in healthy lean individuals, increasing plasma amino acids does not lower the already blunted glucose disposal in men with type 2 diabetes in hyperinsulinaemic-hyperglycaemic conditions. Such conditions prevail postprandially in a large proportion of people with conventionally treated type 2 diabetes. The study was designed to test the effect of one variable, postprandial-level hyperaminoacidaemia on glucose turnover during hyperAA, while maintaining the other two conditions constant compared with isoAA. Therefore, branched-chain and total amino acids were raised to peak concentrations observed after a mixed meal in healthy lean participants. Insulin was clamped at the postprandial peripheral venous concentration we have found in type 2 diabetes [34] , and was maintained unchanged during hyperAA, because we decreased the insulin infusion rate. This compensated for amino acid stimulation of endogenous insulin secretion, as inferred from the C-peptide rise. However, this infers higher portal vein insulin concentration. Although glucagon was slightly increased by amino acids during hyperAA, it did not affect endogenous glucose production compared with isoAA (Table 3 ). This could be because of the higher portal insulin overriding any effect glucagon might have on endogenous R a . In addition, with insulin being 3.5-fold higher, the glucagon to insulin ratio was minimally altered (0.07±0.01 vs 0.05±0.01 in isoAA). Insofar as NEFA might play a role in postprandial insulin resistance in type 2 diabetes, in the present case this potential effect appears to be minimal, as NEFA were suppressed to identical concentrations in both phases of the clamp.
The whole-body glucose R d did not change despite doubling of BCAA and leucine concentrations vs baseline during hyperAA. This, therefore, does not support the proposition that postprandial-level hyperaminoacidaemia worsens insulin resistance of glucose metabolism in type 2 diabetes, an effect that had been extrapolated from findings in lean healthy participants [9, 10, 12] of a clamp protocol analogous to ours. These healthy individuals were studied during hyperinsulinaemic-euglycaemic pancreatic clamps, first without then with amino acids infused to reach and maintain hyperaminoacidaemia. The hyperaminoacidaemic phase of the clamp was associated with lowered glucose uptake. Our results also contrast with what we found previously in healthy lean men who had lower glucose MCR during hyperAA compared with a matched group studied during a hyperinsulinaemic-euglycaemic-isoaminoacidaemic clamp (euglycaemic isoAA) [11] . Glucose turnover rates from those studies are presented in Fig. 4 and FFM 59±2 kg; all p<0.05 vs type 2 diabetic men) underwent a hyperAA protocol with glucose and amino acid concentrations similar to our study but with greater hyperinsulinaemia (788±83 pmol/l) as a result of a larger C-peptide response. Postprandial hyperinsulinaemia did not completely suppress endogenous R a in diabetes in either clamp phase, as it did in lean non-diabetic participants (Fig. 4) , despite lesser hyperinsulinaemia in the euglycaemic isoAA participants. This confirms hepatic insulin resistance in type 2 diabetes. Whole-body R d in non-diabetic hyperAA did not differ from that of isoAA despite their higher glucose and insulin concentrations. Therefore, glucose MCR was significantly lower in non-diabetic hyperAA, suggesting that hyperaminoacidaemia impeded glucose disposal. By contrast, glucose R d and MCR in type 2 diabetic men did not decrease from isoAA to hyperAA.
We postulate that hyperaminoacidaemia does not further impede glucose disposal in diabetes because glucose R d and MCR are already markedly low compared with nondiabetic groups (Fig. 4) , such that it is unlikely for hyperaminoacidaemia to have a further notable suppressive effect. Abnormalities in serine phosphorylation of IRS-1 associated with impaired insulin signalling are already established in diabetes [35] [36] [37] . Thus any additional perturbation via amino acid signalling might not add to the degree and/or patterns of IRS-1 serine phosphorylation to further reduce glucose uptake. The data from muscle biopsies of the present study (Fig. 3 ) support this. Both Ser1101 [24] and 636/639 [7] are sites implicated in the amino acid-induced negative feedback phosphorylation of IRS-1 through mTOR activation and the subsequent blunting of glucose disposal in healthy lean men. Whereas the sum of insulin and hyperaminoacidaemia caused increased phosphorylation of mTOR and downstream to rpS6 in hyperAA, IRS-1 Ser phosphorylation on both sites did not change, suggesting that it might already be stoichiometrically phosphorylated. Although our protocol lacked a healthy control group, Bouzakri et al. [38] have found more than twofold higher basal IRS-1 Ser 636 phosphorylation in a primary culture of skeletal muscle from diabetic participants compared with cells from healthy controls. Furthermore, Tremblay and colleagues [9] have reported that, although baseline state of IRS-1 serine phosphorylation on Ser312 and Ser636/639 was barely detectable, co-infusion of insulin and amino acids increased IRS-1 Ser636/639 phosphorylation by sixfold in lean healthy men. In our study, baseline phosphorylation of IRS-1 on both Ser1101 and Ser636/639 was detectable but did not change significantly with hyperinsulinaemia and hyperaminoacidaemia. Taken together, these data support our hypothesis that, unlike healthy individuals, there is an elevated baseline IRS-1 serine phosphorylation associated with reduced peripheral glucose uptake in type 2 diabetes and that acute elevation of amino acids does not further impair whole-body glucose R d in hyperglycaemic type 2 diabetic men.
Although hyperinsulinaemia stimulated AKT phosphorylation during isoAA at Thr308 and Ser473 (Fig. 3a,b) , increasing amino acids simultaneously during hyperAA was associated with a lower AKT phosphorylation at both sites. This could be because of time-dependent desensitisation of insulin signalling as the muscle biopsy during hyperAA was obtained 5 h after the start of insulin infusion. This could also be attributed to a negative feedback loop by mTORC1 through a mechanism not involving IRS-1 as reviewed by Hay [39] .
Several aspects of our study influence interpretation of the results and comparison with studies performed in healthy lean men [9, 10, 12] . First, the hyperAA steadystate does not mimic the temporal non-steady state changes in substrate and hormone concentrations that occur during meal absorption. Thus, it remains to be shown whether similar findings, or magnitude of effects, would be seen with oral feeding. Second, isoAA preceded hyperAA and thus the time of exposure to exogenous insulin and amino acids may have influenced the response to the second phase, including the phosphorylation state of molecules in the muscle intracellular signalling pathways. Third, serum insulin concentration was a combination of both endogenous and exogenous sources and the proportions differed in the two phases of the clamp. This is in contrast to clamp studies [9, 10, 12] in which somatostatin was infused, so circulating insulin and glucagon were most probably exogenous. Fourth, we maintained fasting amino acid concentrations during isoAA by exogenous amino acid infusion, unlike other studies [9, 10, 12] in which amino acids were not infused during the first hyperinsulinaemic clamp. Hence, plasma amino acid concentrations dropped below fasting levels. Furthermore, during hyperinsulinaemic-euglycaemic clamps, merely infusing amino acids to maintain plasma concentrations close to baseline (vs no infusion) decreased glucose uptake [8] . Therefore, it is possible that by lowering the amino acid concentrations, there is some release of the negative feedback signal that would improve glucose uptake. Last, although BCAA levels in the studies by others [9, 10, 12] were comparable to those achieved during our hyperAA, other individual as well as total amino acids (6,000 μmol/l in [9, 10, 12 ] vs 3,381 μmol/l in the present study) were markedly higher. This is as a result of the lower BCAA proportion of the total amino acids in solutions used in those studies. Individual amino acids, other than leucine, were found to suppress glucose transport in L6 myotubes [6] . It is therefore difficult to exclude whether the supraphysiological increases in some amino acids in these studies [9, 10, 12] would contribute to the blunted glucose uptake. This effect, if present, would be less in our study. We selected the specific commercial amino acid solution TrophAmine (B. Braun Medical), because it is particularly rich in leucine, the other BCAA, and essential amino acids, as well as arginine. This probably contributed to the significant increase in leucine and arginine in isoAA (Table 2) . TrophAmine (B. Braun Medical) induced protein anabolism in our previous clamp studies [11, 30, 40] , while maintaining physiologically relevant levels of other amino acids.
In conclusion, we have demonstrated that abnormal glucose turnover is not aggravated by postprandial hyperaminoacidaemia in hyperglycaemic type 2 diabetic men. These findings, together with the evidence of impaired protein metabolism in diabetes [16] that is overcome by generous protein provision [41] , do not support recommendations to restrict protein intake.
